Rat-liver chromatin has been fractionated into transcriptionally active and inactive regions [Gottesfeld eta. (1974) Proc. Nat. Acad. Sci. USA 71, 2193USA 71, -2197 and the distribution of nuclease-resistant complexes in these fractions has been investigated. About half of the DNA of both fractions is resistant to attack by the endonuclease DNase IL The nuclease-resistant structures of inactive chromatin are DNA-histone complexes (v-bodies) which sediment at 11-13 S. Template-active chromatin yields two peaks of nucleaseresistant nucleoprotein. These complexes sediment at 14 and 19 S, and contain DNA, RNA, histone, and nonhistone chromosomal proteins. Polyacrylamide gel electrophoresis reveals a complex pattern of chromatin proteins, suggesting that the complexes are heterogeneous in composition. A regular repeating unit in chromatin was first suggested from the x-ray diffraction studies of Pardon et al. (1) 
mosomal proteins. Polyacrylamide gel electrophoresis reveals a complex pattern of chromatin proteins, suggesting that the complexes are heterogeneous in composition. A regular repeating unit in chromatin was first suggested from the x-ray diffraction studies of Pardon et al. (1): a series of reflections were observed in the x-ray patterns of native and reconstituted nucleohistones, but not in the x-ray diffraction patterns of DNA or histones by themselves. It was proposed that the chromatin fiber is organized into a regular supercoil of pitch A. This model, although widely accepted for some time, has now come under question. Olins and Olins (2) have observed regular spacings of chromatin particles (termed v-bodies) in water-swollen nuclei centrifuged onto electron microscope grids. These particles are 60-80 A in diameter and are joined by thin filaments 15 A in diameter. These results have been confirmed and extended by other laboratories (3) (4) (5) . Nuclease digestion studies also support a subunit or particulate structure for chromatin. Both endogenous (6) (7) and exogenous (8) (9) (10) (11) (12) (13) (14) nucleases appear to recognize a repeating nucleoprotein unit along the chromatin fiber. Furthermore, chromatin particles isolated from nuclease-treated or sonicated chromatin resemble v-bodies in the electron microscope (15) (16) (17) . Thus many lines of evidence support the subunit or "beads-on-astring" model of chromatin structure (2, 18) .
Studies on chromatin structure have been generally carried out with whole chromatin, unfractionated with respect to transcriptional activity. Since only a minor portion of the DNA in any differentiated cell type is ever transcribed into RNA, the properties of unfractionated chromatin reflect primarily the structure of inactive regions. We are interested in whether template-active chromatin is organized as is the inactive region or whether it is in-a different conformation. Previous work from this laboratory has shown that it is possible to separate chromatin into transcriptionally active and inactive fractions (19) (20) (21) . In this communication we report that both fractions contain nuclease-resistant nucleoprotein complexes. However, the nuclease-resistant structures of inactive chromatin are DNA-histone complexes, while the nuclease-resistant structures of active chromatin are complexes of DNA, RNA, histone, and nonhistone chromosomal protein.
MATERIALS AND METHODS
Chromatin Fractionation. Chromatin was prepared from rat liver by the method of Marushige and Bonner (22) and treated with diisopropylfluorophosphate (DFP) to inhibit endogenous protease activity (23) . Fractionation was carried out as diagrammed in Fig. 1 ; details of this method have been published previously (21) .
Preparation of Chromatin Subunits. Nuclease-resistant subunits of rat-liver chromatin were prepared as follows:
DNase II was added to 10 units per A260 unit of chromatin in 25 mM sodium acetate (pH 6.6). Digestion was carried out at 240 and was terminated after 90 min by raising the pH to 7.5 with 0.1 M Tris-HCl (pH 11). Nuclease-resistant subunits from chromatin fraction P1 were prepared by homogenizing the pellet fraction in 25 mM sodium acetate (pH 6.6) and redigesting with DNase as described above for whole chromatin. Undigested chromatin (about 20% of the input DNA) was removed by centrifugation at 27,000 X g for 10-15 min. The supernatant was layered on isokinetic sucrose gradients in SW25. 1 cellulose nitrate tubes. The gradients were formed according to Noll (24) ; the parameters were CTOP = 15% (weight/volume), CRES = 34.2% (weight/ volume), and VMIX = 31.4 ml. All solutions contained 10 mM Tris-HCl (pH 8). Centrifugation was at 25,000 rpm for [36] [37] [38] [39] [40] [41] [42] hr. Gradients were analyzed with an ISCO UV Analyzer and chart recorder. Fractions from these gradients were rerun on 5-24% isokinetic sucrose gradients. The parameters were CTOP = 5.1% (weight/volume), CRES = 31.4% (weight/volume) and VMIX = 9.4 ml. Centrifugation was in the SW 41 rotor at 39,000 rpm at 40 for 16.5 hr.
Subunits were also prepared from chromatin devoid of histone I. Removal of this histone was accomplished by extraction of Virtis-sheared chromatin (45 V, 90 sec) with 0.5 M NaCl at 4°. The resultant nucleohistone was pelleted by centrifugation in the Ti 50 rotor at 50,000 rpm for 18 hr.
The pellet was digested with nuclease as described above.
Redigestion (25) .
Analysis of Chromatin Composition. Histone and nonhistone protein content was determined as described (26) . Protein was analyzed by sodium dodecyl sulfate-disc gel electrophoresis (27) and by acid-urea gel electrophoresis (28) . DNA (20) . The fractionation scheme used herein is diagrammed in Fig. 1 . After 5 min exposure to DNase II, 15% of rat-liver chromatin DNA remains soluble after centrifugation (fraction S1). About 11% of the total DNA is Mg++-soluble and is found in fraction S2. This DNA comprises a subset of whole genomal DNA sequences and is enriched 5-fold in transcriptionally active sequences (21) . The isokinetic sucrose gradients (Fig. 2) . About 40% of the input DNA sediments extremely slowly; the bulk of this DNA is acid-soluble and hence has been reduced to oligonucleotides by the nuclease. Fig. 2 presents data for whole chromatin depleted of histone I ( Fig. 2A) and for P1 chromatin (Fig.  2B) . Most of the chromatin sediments at about 11-13 S, with some material sedimenting more rapidly. The properties of nuclease-resistant particles from unftactionated chromatin have been described in detail elsewhere (8-14, 16, 17) . We find similar properties for the particles from P1 chromatin: they are composed of equal amounts of protein and DNA (by weight), and the protein complement is almost entirely histone (Table 1) . Subunits from native chromatin sediment slightly more rapidly than subunits from histone-I-depleted chromatin (Fig. 2) . The sedimentation coefficients (1 SD) estimated from ten isokinetic 5-24% sucrose gradients were 12.6 I 0.9 S for subunits of native chromatin and 11.4 4 0.7 S for subunits of histone-I-depleted chromatin. The length of DNA contained in the subunits has been studied by many workers; values of 120 to 210 base pairs have been obtained (10, 13, 14, 16, 17) . The il-1sS subunits resemble v-bodies (2) in the electron microscope (17) . Subunit Structure of Active Chromatin. We now ask whether nuclease-resistant structures occur in transcriptionally active regions of chromatin. Chromatin from rat liver was treated with DNase II for 5 min, fractionated as before (Fig. 1) , and S2 material was analyzed on isokinetic sucrose gradients (Fig. 3, curve A) . About half of the UV-absorbing material applied to the gradient sediments at 3-5 S; greater than 90% of this material is acid-precipitable after the 5 min nuclease treatment. Two more rapidly sedimenting peaks are seen in the gradient of S2 chromatin, one at 14 S and another at 19-20 S. These gradients were calculated for particles of density 1.44 g/cm3, and so the observed sedimentation coefficients could be in error if the particle densities are very different from 1.4 to 1.5 g/cm3. About 6% of the input nucleic acid pelleted during the centrifugation.
To test whether the 14 and 19S nucleoprotein complexes might be multimers of the 11-13S subunit (i.e., dimers and trimers), chromatin fraction S2 was reincubated with DNase. Upon analysis in isokinetic sucrose gradients ( . 4 . Kinetics of digestion of chromatin fraction S2. Chromatin was fractionated as described (Fig. 1) . S2 chromatin was incubated with nucleases in three ways: reactivation of DNase II (0); addition of fresh DNase 11 (A); addition of staphylococcal nuclease (o). Aliquots were taken it various times to test for the production of trichloroacetic-acid-soluble material.
curve B) no significant changes were observed in the >10S region. Reincubation with DNase has been carried out .in three ways (reactivation of DNase II, addition of fresh DNase II, addition of staphylococcal nuclease), and similar results were obtained with each of these methods. The kinetics of redigestion of S2 chromatin are presented in Fig. 4 . With each method of redigestion, about 50-60% of the input A260 became acid-soluble. As the reaction approached completion the solutions first became turbid and eventually a precipitate developed.
S2 chromatin has been isolated after various times of nuclease treatment (30 (27) . The stained gels were scanned and the densitometer profiles were resolved into gaussian components by a least-squares computer analysis. (Table 1) . The material at 14-19 S is enriched in both RNA and nonhistone chromosomal proteins. All the major histone species are present in the 14 and 19S complexes; however, these complexes exhibit reduced histone to DNA ratios relative to either unfractionated chromatin or 11-13S subunits ( Table 1) . The protein population of S2 chromatin has been investigated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 5) . Material from the 3-5S (upper gel) and from the 14S (lower gel) position in the sucrose gradient (Fig. 3) has been analyzed. Densitometer scans of the stained gels were resolved into gaussian components by a least squares computer analysis. Numerous quantitative and qualitative differences between the 3-5S and 14S proteins can be recognized in these gels. From the length of DNA contained in the 14S chromatin complex (170 nucleotides), the protein-to-DNA ratio (Table 1) , and the complexity of the protein population (Fig.  5) , we conclude that the 14S peak consists of a heterogeneous population of nucleoprotein species.
DISCUSSION
The template-active fraction of rat-liver chromatin is organized in a fashion similar to that of inactive chromatin; both fractions consist of regions of nuclease-sensitive and nuclease-resistant DNA. Nuclease-resistant segments in transcriptionally inactive chromatin are due to histone-DNA interactions, while the nuclease-resistant segments of active chromatin are due to DNA complexed with both histone and nonhistone proteins. Nuclease-resistant structures of inactive chromatin sediment at 11-13 S and resemble v-bodies (2) in the electron microscope (17 (31) (32) (33) suggest that active chromatin is in a more extended, more DNA-like conformation than inactive chromatin. The electron microscope has revealed differences in the structure of transcriptionally active and inactive regions of chromatin. Ribosomal genes in the act of transcription are the length of their transcription product (pre-rRNA) (34) . On the other hand, DNA complexed with histones in the v-body configuration is one-seventh the length of the same deproteinized DNA (4). The basic fiber diameter of inactive chromatin is 100 A. Active chromatin has a fiber diameter of about 30 A (35, 36) . Thus both physical chemical and electron microscopy studies suggest that DNA of active chromatin is more extended than is the DNA of inactive chromatin. It is probable that this is why active chromatin is more susceptible to nuclease attack. This differential sensitivity to nuclease forms the basis of our fractionation procedure (Fig. 1) .
